Folding-Unfolding Transitions in Single Titin
Passive force develops when a relaxed muscle is stretched; this force is responsible for restoring muscle length after release, and it is required for maintaining the structural integrity of the sarcomere in actively contracting muscle (1). Titin (2), a giant 3.5-MD protein, spans the half-sarcomere, from the Z line to the M line (3) (Fig. IA) . Because titin is anchored both to the Z line and to the thick filaments of the A band, passive force while the sarcomere is stretched is probably generated by extension of the I-band segment of the molecule (4, 5). It has been suggested (6, 7) that the elasticity of titin derives from the reversible unfolding of the linear array of -300 immunoglobulin C2 (Ig) and fibronectin type III (FNIII) domains (8) force-measuring laser tweezers ( 1) (Fig.  IB) . The micropipette was then moved at a constant rate while the force generated in the molecule was continuously monitored. When a maximum predetermined force Thus, an axial force would do little to speed up the denaturation. Tension in the chain must be increased above its folding-unfolding equilibrium value to access these states at the experimental rate. During renaturation under external force, intermediate states are required that would shorten the unfolded domains axially. Tension in the denatured chain will raise the energy of these states, which now stand as barriers (activation states) to renaturation. Therefore, to access these states at the experimental rate, the tension in the chain must be lowered below its equilibrium value. A simulation based on this model reproduces the hysteresis and other features seen in the f versus z curves of Fig. 4 (22) .
In support of our model, stopping short of the transition in either direction abolished hysteresis. Thus, it was possible to stretch and release the molecule reversibly between points b and c, and also between points d and e in Fig. 4 (Fig. 4A, inset) . By comparison, hysteresis was reestablished when either transition was allowed to occur, either in part or to completion. As a further test of this model, titin was stretched in the presence of the chemical denaturant guanidinium-HCI (GuCI) at a concentration of 1.6 M (6). Upon addition of GuCI, the molecule exhibited one normal stretch half-cycle but failed to refold on the release half-cycle, so the first stretchrelease cycle showed force hysteresis. In the next cycle, hysteresis almost completely disappeared, and the stretch curve approached the release curve, indicating that the release data indeed represents the elastic behavior of an unfolded polypeptide.
Repetitive cycles of stretch and release alone also led to the progressive denaturation of titin. During this process the stretch and release transitions shortened, and the stretch curve moved progressively toward the release curve (Fig. 4B) . Thus, it appears that after each stretch-release cycle an increasing fraction of the unfolded titin failed to refold. Such a "wearing out" of titin may be caused by the randomization of proline isomer forms in the Ig and FNIII domains (23).
The force measured for a single titin Fig. 5) . This agreement validates the previous conclusion (24) that titin is the main determinant of the passive force response of muscle. In addition, this analysis indicates that the hysteresis observed in stretch-release experiments in relaxed muscle results from the combined folding-unfolding kinetics of many independent titin molecules (Fig. 5, inset) . It has been argued (6, 7) that domain unfolding-refolding is likely to be involved in the role of titin as an elastic element in muscle physiology. However, if parts of the molecule unfold and refold each time a muscle is stretched and released, an amount of energy equal to the area inside the hysteresis curve would be wasted as heat. We suggest, rather, that the pre-unfolded fraction of titin functions as an efficient (reversible) entropic spring in muscle. Then the purpose of the slow "wearing out" of titin with recent folding-refolding transitions (Fig. 4B ) might be to increase the length of the molecule's pre-unfolded region; the longer the pre-unfolded region, the longer also is the range of motion over which the force curve is reversible (regions a to c in Fig. 4A 
